Introduction
Infiltrative heart disease is caused by the deposition of abnormal substances in the heart [1] . While the myocardium is most often involved, any part of the heart, including the pericardium and valves, can be affected. Advances in non-invasive cardiovascular imaging have allowed for the diagnosis of infiltrative heart disease, sometimes avoiding the need for endomyocardial biopsy. Identifying the cause of infiltrative heart disease is important as prognosis and treatment vary across the different subtypes. A review of all of the causes of infiltrative heart disease and how they can be identified by non-invasive imaging has been done previously [1] . In this review, we will focus on the role of imaging in the diagnosis and management of cardiac sarcoidosis (CS) and cardiac amyloidosis (CA) (Fig. 1 ).
Cardiac sarcoidosis
Sarcoidosis is a systemic disorder of unknown etiology characterized by the formation of non-caseating granulomas in multiple organs [2] . The annual incidence of sarcoidosis has been estimated at 5 to 40 cases per 100,000 persons in the USA and Europe [3] . CS affects at least 25% of patients with sarcoidosis and may present with heart failure, left ventricular systolic dysfunction, conduction abnormalities, atrial or ventricular arrhythmias, or sudden cardiac death [4••, 5] . Identifying patients with CS is of importance as treatment with glucocorticoids may slow the progression of heart failure and implantable cardiac defibrillators (ICD) may improve survival [6] [7] [8] [9] .
Currently, clinical criteria from the Japanese Ministry of Health and Welfare (JMHW) and the Heart Rhythm Society (HRS) can be used to evaluate patients with suspected CS [10••, 11, 12] . However, these criteria have not been adequately validated and are neither sensitive nor specific for diagnosing CS [13] . As a result, in the absence of having a histological diagnosis from myocardial tissues, the HRS consensus statement proposes criteria for having "probable" CS, which is defined as a likelihood greater than 50% [10••] . In addition, in the absence of histological diagnosis from myocardial tissue, these criteria require the presence of extra-cardiac sarcoidosis, and thus cannot adequately evaluate patients who have isolated CS, whereby the disease is confined only to the heart [14] . However, the challenges related to diagnosing CS are not unique to these criteria as there is no reliable "gold reference" that can be used to establish the diagnosis of CS. As a result, both clinical criteria and imaging are often used to estimate the likelihood of CS rather than providing a definitive diagnosis. Given these challenges, there is an even greater role for non-invasive cardiovascular imaging to diagnose (or at least estimate the likelihood of having) cardiac sarcoidosis. In addition, imaging can be used to identify patients who may require additional treatments, such as immunosuppressive therapies, and to follow response to therapy.
Echocardiography
In patients who have extra-cardiac sarcoidosis, an abnormal transthoracic echocardiogram may be useful for diagnosing CS. While having systolic dysfunction, focal wall thinning or thickening, or a regional wall motion abnormality may be indicative of CS, the presence of diastolic dysfunction has been found to occur in patients who have pulmonary sarcoidosis who do not have any CS [15] [16] [17] [18] . However, when compared to other imaging techniques, echocardiography has a limited role in screening patients with suspected CS due its poor sensitivity, particularly in early or localized disease [16] . One study found echocardiographic abnormalities in only 25% of patients who were found to have cardiac magnetic resonance imaging (CMR) or 18 F-fluorodeoxyglucose (FDG) positron emission tomographic evidence of CS [19] .
The development and advancement of echocardiographic strain imaging may result in an increase in its use for patients with suspected CS. One study evaluated 100 patients with systemic sarcoidosis who did not have known CS and found that when compared with age-and sex-matched controls, patients with sarcoidosis had impaired global longitudinal strain on echocardiography [20] . This finding was associated with a higher rate of cardiovascular events [20] . Strain imaging may also provide a method to assess response to therapy and follow patients with CS in the future [21] .
Cardiac magnetic resonance imaging CMR can detect areas of wall thinning or aneurysm and regional wall motion abnormalities like echocardiography and also does not use ionizing radiation. However, the main method by which CS can be diagnosed by CMR is the detection of midwall and subepicardial late gadolinium enhancement (LGE) [4••] . It should be noted, however, that LGE in a non-infarct pattern can also be seen when there is fibrosis after myocarditis or from other, often idiopathic, cardiomyopathies. CS can also rarely cause subendocardial LGE, which may mimic an infarct pattern [4••] . Multifocal LGE and LGE of the basal anteroseptum and inferoseptum with contiguous extension into the right ventricle favor the diagnosis of CS [4••] .
In a study of 58 patients evaluating the accuracy of CMR in diagnosing CS compared to the JMWH criteria, CMR had a 100% sensitivity as it was able to diagnose all 12 patients who were positive by the clinical criteria [22] . However, among the 58 patients with extra-cardiac sarcoidosis, there were 19 (33%) patients with LGE, reflecting that CMR was much more sensitive at detecting CS [22] . The low specificity of CMR to detect CS in this study is likely secondary to the poor sensitivity of the JMHW criteria. Since the publication of this study, it has been widely recognized that there is no adequate reference standard against which to evaluate the diagnostic accuracy of imaging tests to detect CS. As a result, attention has shifted to identifying patients who are more likely to have adverse events, as it can be argued that regardless of the underlying diagnosis, these individuals may benefit from more aggressive therapies.
CMR, specifically the presence of LGE, has considerable prognostic value in CS. A recent meta-analysis including seven studies of 694 subjects, 199 of whom had LGE on their CMR, found that zero ventricular arrhythmias occurred in patients without LGE on their CMR [23•] . Cardiovascular mortality occurred in 10 LGE-positive versus two LGE-negative subjects (relative risk 10.7 [95% confidence interval, 1.34-86.3]; P = 0.03) [23•] . Thus, the absence of LGE is useful in identifying individuals who have a very low risk of future cardiac events.
Areas of development in CMR that may be of use in CS in the future include T2 mapping to identify and quantify areas of myocardial inflammation [24] . Future studies will need to determine how this technique compares to the use of FDG imaging for identifying and quantifying the amount of myocardial inflammation. . Importantly, to suppress FDG from areas of normal myocardium, patient preparation using a high-fat/very low-carbohydrate diet is essential [25•, 26] . In early CS, focal areas of increased FDG uptake will be present with or without rest perfusion defects. Rest perfusion defects can signify the presence of scar but can also be seen with intense inflammation which compresses the microvasculature [4••] . The hallmark of CS with active inflammation on cardiac PET is a mismatch between metabolism and perfusion in the same area. Of note, though patient preparation is very different from PET studies that are used to assess for myocardial viability, this type of mismatch can also be seen in patients with obstructive coronary artery disease and hibernating myocardium. In more advanced disease, resting defects may be seen without inflammation, suggesting the presence of scar.
Cardiac positron emission tomography
One advantage of PET imaging is that whole-body FDG imaging can be obtained concurrently with cardiac imaging to evaluate for extra-cardiac sarcoidosis [4••] . This information can be used to identify potential extra-cardiac sites for biopsy, as well as quantify the amount of extra-cardiac disease, which at times may be useful when deciding on the role of immunosuppressive therapy.
A meta-analysis that included seven studies and 164 patients found that cardiac PET had a sensitivity of 89% and a specificity of 78% of diagnosing CS when compared to the JMHW criteria [27] . Just as in CMR, the low specificity observed in this study may actually be secondary to the poor sensitivity of the clinical criteria.
Results of cardiac PET carry important prognostic information for patients with CS. In one recent study of 118 patients referred for cardiac PET because of known or suspected CS, those with abnormal myocardial perfusion and metabolism had a fourfold increase in the annual rate of ventricular tachycardia or death [25•] . Another study of 31 patients with suspected sarcoidosis found that the majority of cardiac events occurred in individuals with abnormal FDG uptake [28] .
Finally, cardiac PET is currently the preferred modality for following response to therapy in patients with known CS as myocardial FDG uptake can be quantified and serially followed. Cardiac PET, unlike CMR in most cases, can also be performed in patients with CS who have undergone ICD or pacemaker implantation. While a reduction in FDG uptake has been shown to be associated with an improvement in left ventricular ejection fraction, further data are needed regarding how to most optimally incorporate data provided by FDG PET in making patient management decisions [29] . Furthermore, more data are needed regarding the impact of immunosuppressive therapies on patient outcomes.
Cardiac amyloidosis
CA is an infiltrative disease characterized by extracellular deposition of an amorphous protein called amyloid. The most common amyloid subtypes affecting the heart are light chain amyloid (AL) and transthyretin amyloid (ATTR). Deposition of amyloid in the cardiac interstitium, irrespective of the type, can lead to diastolic dysfunction and congestive heart failure. CA of the AL subtype portends a poorer prognosis than ATTR, with a median untreated survival of approximately 6 months compared to several years in ATTR amyloidosis, probably owing to light chain myocardial toxicity observed in AL amyloidosis [30] . Although subtle differences in presentation of the two types have been described, in most cases, clinicians rely on advanced imaging or sophisticated laboratory techniques to accurately determine the amyloid subtype. The increase in cases of CA is likely reflective of advances in diagnostic modalities outlined below rather than a true increase in incidence [31] .
Echocardiography
Echocardiography is the most widely used and is the initial modality of choice for the assessment of suspected CA [32••] . CA should be suspected in patients with increased left ventricular wall thickness and low voltage on the electrocardiogram. A high degree of clinical suspicion should exist in patients with increased left ventricular wall thickness on echocardiography in the absence of risk factors such as hypertension or aortic stenosis or when the degree of increased wall thickness is disproportionate to the degree of the patient's known medical conditions.
The classic echocardiographic presentation of CA is increased left ventricular wall thickness biatrial enlargement, and a restrictive left ventricular diastolic filling pattern. Increased right ventricular wall thickness can be an important clue to differentiate CA from hypertrophic cardiomyopathy. Left ventricular wall thickness is usually higher in ATTR compared to AL, perhaps related to the indolent nature of amyloid deposition in the former [32••] . The speckled appearance of the myocardium that has been previously described is now less commonly encountered, owing to harmonic imaging used in current machines [33] .
Assessment of myocardial deformation has evolved from tissue Doppler-based strain to user-friendly and reproducible speckle tracking echocardiography (STE) [32••, 34] . This is perhaps the most important addition to amyloid echocardiography in recent years. Though strain is reduced in several cardiomyopathies, the distribution of regional variations can be quite specific [35] . A characteristic "bull's eye" pattern of the longitudinal strain (LS) map is observed in CA due to relative sparing of apical strain, compared to major decrements in basal strain. Quantification of this regional strain sparing has been attempted with the relative regional strain ratio (RRSR), calculated as average apical LS/sum of average basal and mid LS [35] . A recent study evaluated RRSR in 59 AL and 39 ATTR CA patients and described the adverse prognostic impact of increased RRSR (HR 2.33, 95% CI 1.16-4.69) on the combined outcome of death and cardiac transplant [36•] . Another novel marker called myocardial contraction fraction (MCF) is derived from measures routinely obtained during echocardiography (MCF = stroke volume/ myocardial volume), does not require specialized software, and has been shown to have prognostic significance, performing better than ejection fraction [37] .
Atrial function in CA is severely reduced, as evidenced by reductions in transmitral A-waves and atrial LS. A recent study assessed LS in all four chambers and reported that right atrial LS was significantly lower in CA than those with non-obstructive hypertrophic cardiomyopathy and strain abnormalities in all chambers were predictive of mortality [38] . The presence of these features warrants consideration for anticoagulation, even in sinus rhythm.
Cardiac magnetic resonance imaging CMR with gadolinium has excellent sensitivity and specificity to diagnose CA and can help differentiate amyloidosis from other cardiomyopathies. Classically, a pattern of global subendocardial LGE was thought to be pathognomonic of CA. However, in the largest CMR study in CA which included 119 patients with AL CA, 122 with wild-type TTR (TTRwt), and nine asymptomatic TTR mutation carriers (TTRm), the authors describe a continuum of amyloid deposition ranging from no LGE to subendocardial LGE and transmural LGE in advanced disease [39•] . They also highlighted the use of phase sensitive inversion recovery sequence (PSIR), a more reproducible technique that is less operator-independent, to overcome the problem of accurately nulling signal from the myocardium in CA [39•] . Subtypespecific differences were also illustrated, with subendocardial LGE being more prevalent in AL and transmural LGE in ATTR [39•] . This seminal work also pointed out the prognostic significance of transmural LGE, which was an independent predictor on multivariate analysis and was valid for both subtypes of CA (HR 5.4; 95% CI 2.1-13.7) [39•] . This was also validated in a meta-analysis of seven studies with 425 patients that showed that LGEpositive patients had increased overall mortality compared with those without LGE (pooled odds ratio: 4.96; 95% confidence interval: 1.90 to 12.93; P = 0.001) [40] .
One study evaluated the extent of atrial LGE in CA and reported that a left atrial LGE extent of 933% had a 94% specificity for the diagnosis of CA and marked reductions in left atrial contractile emptying function [41] . In another study, a left atrial emptying fraction of G16% was an independent predictor of mortality in AL CA patients [42] .
T1 signal from the myocardium can be quantified, pre-and post-contrast, and represented in colorcoded maps. The ratio of change of T1 in myocardium and blood after gadolinium administration can be used to calculate the extracellular volume (ECV) fraction. ECV can provide an objective assessment of the burden of amyloid, and this is an advantage over LGE as LGE is more difficult to quantify and is more prone to artifacts. While ECV correlates directly with increasing LGE, a quantitative assessment of ECV may offer other advantages. For instance, while further validation is required, ECV may help differentiate CA from other cardiomyopathies, as well as serve as a prognostic marker [39•, 43-45] . These techniques can detect CA early in the disease course, even prior to development of LGE [39•] .
In summary, CMR can provide a robust initial evaluation for patients with suspected CA or heart failure of unknown origin after history and physical, ECG, and transthoracic echocardiography have been obtained. It can accurately distinguish CA from other cardiomyopathies and can provide a detailed assessment of cardiac morphology and function. It can detect CA early in the disease course and can potentially aid in identifying the subtype of CA. ECV and T1 signal may also be able to serve as objective imaging endpoints in assessing response to treatment in the future.
Single-photon emission computed tomography with Tc-99 m pyrophosphate Single-photon emission computed tomography (SPECT) has had a tremendous impact on diagnosing CA. It is the only currently available non-invasive modality to definitively differentiate AL from ATTR, with intense uptake in both ATTRwt and ATTRm, compared to none/minimal uptake in AL CA [46] . Tc-99 m pyrophosphate (PYP) is the tracer used in North America, and a recent consensus statement describes its diagnostic utility, reporting both a positive predictive value and specificity of 100% for detecting ATTR (in the absence of MGUS), obviating the need for an endomyocardial biopsy [47••] . The FDA has also accepted this recommendation as inclusion criteria in clinical trials of much needed novel therapies for TTR CA. A similar tracer, Tc-99 m-3,3-diphosphono-1,2-propanodicarboxylic acid (DPD) is widely used in Europe [48] . Asymptomatic carriers of TTR mutations also exhibit avidity to Tc-99 m PYP, entertaining the possibility that it can be used as a screening test for early diagnosis prior to onset of heart failure symptoms [49] . It may also be possible to risk stratify patients with quantitative estimates from Tc-99 m PYP or DPD scanning. A multicenter retrospective study reported a significantly worse survival in ATTR CA patients with a heart to contralateral ratio of 1.6 or greater on Tc-99 m PYP scan [50•] .
Cardiac positron emission tomography PET tracers that were initially developed to image amyloid in the brain for Alzheimer's dementia have serendipitously found to also be useful for evaluating CA [51] . The most widely researched tracer has been 11 C-Pittsburgh Compound B ( 11 C-PiB), first used in imaging CA in 2011 with avid uptake in all 10 CA patients and none in healthy controls [52] . A subsequent study observed uptake in 13/15 biopsy proven CA patients [53] . Compared to Tc-99 m PYP SPECT, PET has the advantage of absolute quantification of uptake, thereby having the potential to accurately assess burden of disease and any response to therapy. Moreover, one study reported that activity of Tc-99 m PYP SPECT remains constant over 1.5 years, despite disease progression [54] . However, whether 11 C-PiB can be used to follow response to therapy remains to be validated, as one study described lower uptake of 11 C-PiB in treated versus chemotherapy naive patients, but another did not [52] [53] [54] . 18 F florbetapir is an FDA-approved tracer for amyloid neuroimaging but has been shown to demonstrate excellent uptake in both types of CA as well [55] . The myocardial retention index was reported to be higher in AL versus TTR, although the difference did not reach statistical significance (p = 0.057) in this small pilot study [55] . A recent study using 18 F florbetaben, a tracer similar to 18 F florbetapir, reported a myocardial 18 F florbetaben retention of 940%, accurately distinguished CA patients from hypertensive controls [56] . In addition, the authors described a strong relationship between 18 F florbetaben uptake and myocardial dysfunction, as assessed by strain. These tracers, which produce strong uptake in both types of CA, may serve as the initial screening test for suspected CA, especially in patients who cannot undergo CMR.
In one pilot study, the use of 18 F-NaF PET/CT was evaluated to differentiate AL from ATTR CA and reported positive myocardial uptake in a patient with Val122Ile TTR mutation and no uptake in the AL patient [57] . Subsequently, one study evaluated a patient with wild-type TTR and another with Ile68Leu TTR mutation and found no myocardial uptake in either [58] . The use of 18 F-NaF PET/ CT warrants further investigation in CA.
Metaiodobenzylguanidine nuclear medicine scan Metaiodobenzylguanidine (I-123 MIBG) can be used to image cardiac sympathetic innervation and may be of more clinical significance in the future. Cardiac dysautonomia is a common feature of certain neuropathy-predominant TTR mutations (Val30Met) and I-123 MIBG uptake may be decreased in these patients. This finding can occur before echocardiographic signs of cardiac involvement [59] . One study reported its prognostic significance in a group of Val30Met mutant TTR patients: a delayed heart to mediastinum MIBG uptake ratio of G1.6 was an independent predictor of mortality [60] . Currently, I-123 MIBG scanning is approved in the US only for assessing cardiac sympathetic innervation in patients with NYHA class II or III heart failure with a left ventricular ejection fraction of G35%.
Conclusion
Advances in non-invasive cardiovascular imaging have resulted in more sophisticated and accurate ways of diagnosing patients with infiltrative heart disease, as well as track their progression over time with or without treatment. Ongoing and future advancements in the field will allow for even more accurate assessment while ideally obviating the need for more invasive testing. Future clinical criteria for the diagnosis of infiltrative heart disease should include suggestive findings on non-invasive cardiovascular imaging, particularly as these findings are often outperforming current clinical criteria. 
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